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O ' Abstract 

o . 

CN . The singlet capture rate A5 for the semileptonic weak process + p — > n + z^^ has 

been measured in the MuCap experiment [2j. The novel experimental technique is 
based on stopping muons in an active target, consisting of a time projection chamber 
operating with ultra-pure hydrogen. This allows the unambiguous determination of 
the pseudoscalar form factor gp ol the charged electroweak current of the nucleon. 
Our first result gp{q^ = — 0.88m^) = 7.3 ± 1.1 is consistent with accurate theoreti- 
cal predictions and constitutes an important test of QCD symmetries. Additional 
data are being collected with the aim of a three-fold reduction of the experimental 
O ' uncertainties. Building on the developed advanced techniques, the new MuSun ex- 

pH ■ periment [3j is being planned to measure the muon capture rate on the deuteron to 

1.5% precision. This would provide the by far most accurate experimental informa- 
I tion on the axial current interacting with the two-nucleon system and determine the 

^> ' low energy constant Lia relevant for solar neutrino reactions. 

■ Muon induced atomic and molecular processes represent challenges as well as 
QQ i opportunities for this science program, and their interplay with the main nuclear and 

weak-interaction physics aspects will be discussed. 
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1 Muon Capture on Hydrogen Isotopes 

■ The processes 

H + p ^ n + Uf, (1) 

fi + d^n + n + Ufj, (2) 

are fundamental weak reactions between a muon and the nucleon ([T]) and the simplest 
nucleus ([2]), respectively. Historically, they have played an important role in establishing 
the helicity structure as well as the universality of the weak interaction. This paper is 
dedicated to the pioneers of this era. E. Zavattini, who inspired us with his experiments 
and enthusiasm for this research direction and V.P. Dzhelepov and V.G. Zinov, whose 
leadership stimulated many key experiments in muon capture and muon-catalyzed fusion 
at the JINR, Dubna. 
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Today, the electro-weak interaction is understood and verified with amazing precision at 
the quark-lepton level. Thus, the charged lepton current serves as a clean probe for exploring 
the weak couplings and QCD structure of the nucleon and nuclei. Over the last decade 
the connection between nucleon and even two-nucleon observables at low energies and 
fundamental QCD has been elucidated by the development of modern effective field theories 
(EFT). In this framework, process ([1]) can be calculated in a model-independent way with 
controlled systematic uncertainty. As the EFT predictions derive from basic concepts of 
explicit and spontaneous chiral symmetry breaking, their experimental verification is an 
important test of our understanding of the underlying QCD symmetries. As regards the 
two-nucleon sector, EFT calculations have proved that reaction ([2]) is closely related to 
fundamental weak reactions of astrophysical interest, like pp fusion in the sun and vd 
scattering observed at the Sudbury Neutrino Observatory. A precision measurement of 
reaction ([2]) comes closest to calibrating these extremely feeble reactions under terrestrial 
conditions. 



atom A£'/i/s(meV) 


hfs state 


capture rate 


theory value (s ^) 


HP 182.0 


triplet (F=l) 


At 


13.3 [4J 




singlet (F=0) 


A5 


706.6[4j, 714.5i5j, 711.5[6] 


lid 48.5 


quartet (F=|) 


Aq 


f^l2.5 




doublet (F=i) 


Ad 


386[7| 



Table 1: Hyperfine energy splittings and recent calculations of capture rates from hfs states 
of /^p(lS) and /i(i(lS) atoms. Theoretical predictions [ll[5] updated with recently calculated 
radiative corrections [6]. 

It has been realized early on, that the weak muon capture reactions and muon-atomic 
and molecular processes (muon kinetics) are closely intertwined. This is natural, as muon 
capture takes place not in flight, but from bound muonic hydrogen atoms and even molecules. 
Most notably, the V-A structure of weak interactions favors capture from the lower hyper- 
fine state of the muonic hydrogen atom (see Table [1]), so that the experimentally observed 
capture rate is largely proportional to the population of these states. Exchange colhsions 
depopulate the initial statistical hyperfine population towards these energetically lower ly- 
ing states, the singlet up and doublet /id, respectively, whereas after ppjj, formation, the 
hyperfine populations change again, due to the comparatively slow conversion between the 
ortho- and para state of this muonic molecule. In the past, this complexity of muon atomic 
physics has seriously challenged the extraction of reliable weak interaction information from 
muon capture in hydrogen. 

The new generation of precision muon capture experiments are characterized by novel 
experimental techniques and utmost care in eliminating ambiguities due to kinetic effects. 
This effort benefits from the tremendous knowledge gained in the course of muon-catalyzed 
fusion research. We will discuss the MuCap experiment on reaction ([1]) and its first results, 
present the new MuSun experiment on reaction ([2]) and summarize the closely related 
measurements of the positive muon lifetime. 
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2 The MuCap Experiment 



Muon capture on the proton ([T]) is described by the low energy current-current form of 
weak interaction, where the vector- and axial vector matrix elements of the nucleon current 
are given by 



Un{9v{q^)la + 



2M, 



N 



' I3\ 



(3) 
(4) 



in the most general form compatible with Standard Model symmetries. For the relevant 
moderate = — 0.88m^, form factors gv'('?o)' S'a/I^o) SAi^o) accurately determined 
and contribute an uncertainty of only 0.46% to A^. Process ([1]) provides the most direct 
probe of gp = gp{qQ), the pseudoscalar coupling of the nucleon's axial current, which is, 
experimentally, by far the least well known of these form factors. In EFT (chiral pertur- 
bation theory, ChPT), however, gp is a derived quantity, which has been systematically 
evaluated up to two-loop order [S] and precisely calculated gp = 8.26 ± 0.23 [H]. Efforts to 
calculate gp on the lattice are progressing flUi [TT] . The experimental verification of these 
predictions is an important test of QCD at low energies P [121 113] . 




Figure 1: Simplified scheme of muon induced reactions in pure hydrogen (top) and deu- 
terium (bottom). Muon decay with rate A+ can proceed from all states. The small capture 
contributions from the upper hfs states have been omitted. 



However, in spite of efforts spanning the last 40 years, the experimental situation re- 
mained inconclusive. Experiments lacked sufficient precision and could not be interpreted 
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Figure 2: Experimental and theoretical determinations of gp, presented vs. the ortho- 
para transition rate Aop in the pfip molecule. The most precise previous ordinary muon 
capture (OMC) experiment [18] and the RMC experiment [H] both depend significantly 
on the value of Aop, which itself is poorly known due to mutually inconsistent experimental 
(Aop^ [I5], Aop^ [T7]) and theoretical (Ajp [16]) results. In contrast, the MuCap result for 
gp is nearly independent of molecular effects. 

with confidence. A first measurement [11] of radiative muon capture (RMC) on the proton 
suggested a value for gp exceeding the chiral prediction by nearly 50%. Fig. [1] (top) illus- 
trates the kinetic problem. The capture rate from fip atoms and pfip molecules are different 
combinations of the basic singlet capture rate As- In particular, in liquid hydrogen targets, 
pfip molecules are quickly formed proportional to (f)Xpp and the ortho-para conversion rate 
Aop is poorly known. is the hydrogen density normalized to LH2. There has been a long- 
standing discrepancy between experiment [15] and theory [16] on Aop and a more recent 
measurement [T7] does not agree with either result. As a consequence, the situation prior 
to MuCap was inconclusive and exhibited mutually inconsistent theoretical predictions and 
experimental determinations of both gp and Aop (see Fig. [2]). It is evident from this figure, 
that the previous experimental world average of gp{exp) = 10.5 ± 1.8, evaluated in p2| 
assuming Aop from experiment [12] only, has to be revised and its error significantly infiated 
if the full spread of Aop results is taken into account. 

The MuCap experiment has developed a novel technique based on tracking the incom- 
ing muons in a time projection chamber (TPC) filled with ultra-pure deuterium-depleted 
hydrogen. This allows for a first precise measurement of muon capture in low-density gas, 
where pfip formation is slow and 96% of all captures proceed from the fip singlet state. The 
capture rate is determined from the difference between the measured disappearance rate 
A_ ~ A+H-As of negative muons in hydrogen and the /i"*" decay rate A+, where it is assumed 
that free fi~ and /x"*" decay with identical rates according to the CPT theorem. An initial 
result [2] has just been released which clarifies the previously confusing landscape (Fig. [2]). 
The capture rate from the hyperfine singlet ground state of the np atom is measured to be 
As = 725.0 ± 17.4 s~^, from which gp{q^ = —0.88 m^) = 7.3 ± 1.1, is extracted. The result 
agrees within la with the EFT calculations and does not confirm the dramatic discrepancy 
to theory, which the RMC result had initially implied. 
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MuCap 2007 


MuCap Final 


MuSun 




Ms(s-i) 




SAnis-') 


Statistics 










12.5 


3.7 


3.4 


Systematics 








muon- induced kinetics 


5.8 


2 


0.5 


chemical impurities 


5.0 


2 


2 


yud diffusion 


1.6 


0.5 


0.5 


yup diffusion 


0.5 


0.5 





Table 2: Partial error budget for capture rates from published MuCap result (MuCap 2007), 
anticipated final result (MuCap Final) and planned MuSun experiment (MuSun), showing 
uncertainties due to muon atomic effects. 

The MuCap experiment is ongoing, with improved systematics, ten times higher statis- 
tics, and about three times reduced uncertainties expected for the final result. Table [2] 
compiles the muon atomic physics uncertainties affecting the final MuCap result on A5. 
Evidently, several subtle effects have to be accurately controlled to achieve the desired sub- 
percent precision. According to Fig. [T] the corrections due to pfxp formation depend on the 
two rates Xpp and Xop- The molecule formation rate Xpp will be measured in a dedicated 
experiment with the MuCap detector. Neutron detectors have been installed to study the 
effect of Xop on the capture neutron time distribution, but further theoretical investigations 
should try to clarify the present conflicting situation and estimate the amount of density 
dependence of this rate between 0=1 and the density of MuCap = 0.01. Regarding the 
chemical impurities, a sophisticated continuous filtering system [19] cleans the TPC gas to 
ultra-high purity of ~ 10 ppb. The purity is monitored in-situ during the experiment, by 
observing capture recoils from the capture process // -|- (^4, Z) {A, Z — + 'm. the TPC, 
which occurs after muons have been transferred from hydrogen atoms to trace impurities 
like N2 and H2O. Corrections are applied to the measured lifetime after calibrating these 
processes with known concentrations of impurities, and new values for these transfer rates 
will be determined by MuCap. Finally, muonic hydrogen atoms can diffuse away from their 
point of origin and thus introduce a time dependent correction to the detector acceptance. 
While the fxp + p cross section is sufficiently large to keep fip atoms within millimeters, the 
famous Ramsauer-Townsend minimum in the fid + p cross sections allows fj,d diffusion over 
centimeter distances at MuCap conditions. Since 2006, the protium gas used in the exper- 
iment is isotopically cleaned to c^i < 10 ppb with a custom built cryogenic separator. For 
the final analysis diffusion effects should be simulated for realistic experimental conditions, 
following the work in |20j . 

3 The MuSun Experiment 

Muon capture on the deuteron, reaction ([2]), is the simplest weak interaction process on a 
nucleus which can both be calculated and measured to a high degree of precision. While 
the one-body contributions to this process are well defined by the elementary amplitudes 
of process ([1]), the challenge lies in the short- distance part of the axial two-body current. 



5 



Traditionally, these effects have been modeled with meson exchange currents [211 ISH [23] . 
During the last few years EFT calculations have developed a model-independent description, 
where the two-nucleon current is parameterized by a single low energy constant which 
integrates all the poorly constrained short-distance physics. This constant is called Li^ in 
the pion-less theory [24j and in ChPT [7]. Exactly the same constant dominates the 
theoretical uncertainty in fundamental weak astrophysics processes, like the p + p d + 
+ Vf, reaction, which is the primary energy source in the sun and the main sequence stars, 
and the p + d reaction, which provided convincing evidence for solar neutrino oscillation, 
as both its charged current and neutral current modes are observed simultaneously at 
the Sudbury Neutrino Observatory [25]. While eventually one can hope to calculate this 
parameter on the lattice [26], at the moment it has to be determined from experiment. 
Alas, existing experiments on the axial-vector interaction in the two-nucleon system are 
of limited precision [271 EB] , so that one has to resort to the theoretically more complex 
three-nucleon system. A measurement oi ^ + d capture could fix Li^, d^ within a fully 
consistent framework and could determine the solar pp fusion and vd cross sections at 
essentially the same precision as the measured capture rate Kd- However, the best existing 
capture experiments [29], [30] are not precise enough and the most precise result [29] differs 
from modern theory by 2.9 standard deviations. 

T=300 K, 0=0.01 T=30 K, 0=0.05 




time (/is) time (/is) 

Figure 3: Time distributions of relevant states (black=/ic?, green=/i(i('f|), red=/id(||), 
blue=^^He) for different deuterium densities (f) and temperatures T. The left panel indi- 
cates MuCap conditions, the right panel the optimized running conditions for the MuSun 
experiment. 

The new MuSun experiment [3J will measure the capture rate Ko from the doublet state 
of the muonic deuterium atom ^d to a precision of better than 1.5 %. The measurement, 
based on the MuCap techniques, will have a significantly higher precision than previous 
experiments on /z + c? capture and on other weak two-nucleon reactions, like v + d scattering. 
As seen in fig. [1] (bottom), for a clear interpretation and for the accumulation of sufficient 
capture statistics, the target conditions should be chosen such that the rf/i doublet state 
dominates and the formation of /i'^He is minimized. Although the kinetics is complicated, 
the dn system has been intensively studied as the prototype for resonant muon-catalyzed 
fusion |3lJ. Our optimization shown in fig. Vindicates that the target density should be 
increased to 0=0.05, to accelerate the relatively slow hyperfine transition according to the 
rate ^Ag^, where \qd = (37.0 ± 4) 10^ s~^ at T = 30 K. The low temperature is preferable 
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to reduce to its non-resonant value, suppress upwards hfs transitions to the quartet 
state and provide a large difference between doublet and quartet formation rates and A^, 
respectively, which allows for in-situ monitoring of the hfs kinetics by the observation of 
muon-catalyzed fusion reactions [32j. Table [2] shows that the kinetic uncertainties io Kr, can 
be reduced to an almost negligible 0.5 s~^ at these conditions. However, the target purity 
requirements for the MuSun experiment are extremely stringent (1 ppb) as the transfer 
rates to nitrogen scale with cj) and are measured to be four times higher for compared 
to HP atoms [23]. Dedicated experiments to remeasure these rates and to develop ultra- 
clean filtering and monitoring techniques are foreseen. We also will study the residual muon 
polarization in ^d, which might be observable due to the relatively slow hyperfine transition 
rate Xqd- 

The schematic set-up of the MuSun experiment is shown in Fig. HI where a small high 
density cryo-TPC filled with ultra-pure deuterium is embedded in an insulation vacuum 
vessel at the center of the electron tracking detectors. 




Figure 4: Simplified cross- sectional diagram of the MuSun detector. 



4 Positive Muon Lifetime Experiments 

The Fermi constant Gi? is a fundamental constant of nature, which, together with a and 
Mz, defines the gauge couplings of the electroweak sector of the standard model. It is 
directly related to the free muon decay rate, but, in the past, the extraction of Gp from 
A+ was limited by unknown 2- loop radiative corrections. With those calculated [Ml 155] , 
the muon lifetime r^, known to 18 ppm, became the limiting factor. Moreover, the precise 
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knowledge of the /i"*" decay rate A+ = — is required for the muon capture experiments 
described above, as the capture rates are derived from the difference A_ — A^.. 

The MuLan experiment is a measurement of r^j to 1 ppm precision. A time-structured 
muon beam is generated by a fast electrostatic kicker and stopped in a target with internal or 
external magnetic field, to control the initial muon polarization. During the beam off period 
positrons are recorded by a highly-segmented, symmetric detector. A first publication [36] 
on a limited data set gives r^(MuLan) = 2.197013(24) /is. The updated world average 
r^(World) = 2.197019(21) fis determines the Fermi constant G'i7(World) = 1.166371(6) x 
10~^ GeV^^ (5 ppm). Recently, the FAST experiment ^37j released a new result r^(FAST) 
= 2.197083(35) fj,s. The next major step is to improve the precision to 1 ppm. MuLan has 
already collected the required two orders of magnitude higher statistics, which is currently 
being analyzed. 
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